The worldwide effort to detect gravitational-waves uses long baseline laser interferometry. The optics in the interferometers use ion-beam deposited multilayer dielectric coatings, for high reflectivity. In addition, the coatings must have very low optical absorption to reduce thermal effects, low mechanical loss and low changes in optical path with temperature to reduce thermal noise. We discuss progress made on developing a suitable coating for the next generation of detectors. OCIS Codes 310.1620, 310.6870, 350.1270 
Gravitational waves are a prediction of Einstein's General Theory of Relativity. Astronomical events such as binary neutron star inspirals, supernova explosions, asymmetric pulsars, or the big bang can create oscillations in space-time. These oscillations can be detected as changes in length between test masses on earth, however the change in position is extremely small (order 10 −19 m over a 4 km baseline) so reduction of noise becomes the primary design challenge.
To detect these small motions, the test masses are made into the mirrors of a Michelson interferometer with Fabry-Perot arms, see Fig. 1 . The coatings on these mirrors play the crucial role in reflecting the laser used for position sensing off of the test mass. They must be highly reflective and able to handle high optical power, to reduce shot noise, and have low levels of intrinsic noise. Primary among intrinsic noise are thermally driven motions of the coating face and the optical path length.
The currently operating initial Laser Interferometer Gravitational-wave Observatory (LIGO) [1] detectors use multiple layers of λ/4 (at 1.064 µm) tantala/silica ion-beam deposited coatings. These were chosen primarily for low optical absorption and high reflectivity. However, in the next generation Advanced LIGO, which is now being designed and researched, higher laser power will require lower levels of optical absorption, and more stringent limits on thermal and mechanical properties will be required to limit thermal noises.
LIGO sensitivity is limited in the middle frequency band (between 40 Hz and 300 Hz) by thermal motions of the test masses; these thermal motions are primarily in the optical coatings on the test mass faces. Reducing this thermal noise requires lowering the mechanical loss in the coatings, according to the FluctuationDissipation Theorem. This has been an ongoing research project in the gravitational wave community (see Ref. [2] ) and references therein), and was reported on during the 2004 Optical Interference Coating meeting [3] . It was found that the mechanical loss comes from internal friction of the coating materials, and it is the high index tantala that is primarily responsible for the thermal noise in first generation interferometers.
Since 2004, continuing research has led to progress in understanding and reducing mechanical loss in dielectric ion-beam deposited optical coatings. It is confirmed that using titania as a dopant into tantala significantly reduces mechanical loss without appreciably changing optical absorption, Young's modulus, or index of refraction. The thermal noise from this coating has been observed in a test interferometer and found to be lower than the undoped tantala/silica [2] . This coating, developed by LMA/Virgo in Lyon, France, in collaboration with LIGO, is currently the baseline coating for Advanced LIGO. It has been found that silica doped titania also has improved mechanical loss with acceptable optical absorption and index. This coating is well acoustically impedance matched with the silica substrate, which also improves the thermal noise. The silica-doped titania/silica coating is another possible improvement over the initial LIGO coating, but current versions do not reach the performance of titania-doped tantala/silica. The silica-doped titania coating was developed by CSIRO of Sydney, Australia in collaboration with LIGO and is discussed in detail in another paper in this Technical Digest.
Another source of thermal noise is thermally driven fluctuations in the optical path length of the coating. This can occur from thermal fluctuations in length, i.e. thermoelastic noise [4, 5] , or from fluctuations in index of refraction, i.e thermorefractive noise [6] . These two mechanisms are driven by the same thermal fluctuations, therefore will add coherently. This collective noise source is referred to as thermo-optic noise.
The level of thermo-optic noise in next generation gravitational-wave interferometers depends on the thermal, elastic, and optic properties of the coating materials, primarily on α(= dL/dT ) and β(= dn/dT ). to Advanced LIGO sensitivity and that the high index coating material may again be the primary problem. Experiments are underway to measure the combined effect of α and β for coatings of interest to gravitational wave detection. Preliminary measurements indicated that ion beam deposited tantala has a β = (5 ± 1)×10 −5 /K in the s-polarization and (7 ± 1)×10 −5 /K in the p-polarization. Further measurements on titania-doped tantala and silica-doped titania coatings are planned. Realization that much of the thermal noise in the coating comes from the high index material has lead to investigation of optimizing the individual layer thicknesses while preserving the needed+ reflectivity. A finesse of about 1200 is needed in the Fabry-Perot arms of the interferometer. This requires a transmittance in the input test mass (see Fig. 1 ) of 0.5 % and in the end test mass of 5 ppm. In the initial LIGO intereferometers, alternating λ/4 layers are used, but these thicknesses can be adjusted to reduce the amount of high index material used while preserving the transmittance needed for high finesse.
A coating made of stacked doublets of high index and low index material with specially chosen end layers can be designed to reduce all thermal noises while preserving finesse. The particular thickness of both materials in each doublet depends sensitively on the exact mechanical loss angle of each material. Much data on coating material loss angles comes from inferring the individual material values from modal Q's measured on optics with alternating layers [2] . This often results in large uncertainties in the mechanical loss of the material with less internal friction, typically the low index material silica. Modal Q measurement on samples with single layers of materials (silica, tantala, titania-doped tantala, and silica-doped titania) are in progress.
Current optimization has only taken into account finesse and thermal noise. It may be possible to include other considerations, including optical absorption and/or scatter, as well as additional materials into the optimization. More complicated optimizations such as this may require the use of genetic algorithms to obtain the best results, and preliminary work has begun on this.
Another method of improving sensitivity in second generation interferometers is to increase the optical power. This reduces the shot noise, which is a limiting noise source at high frequencies (about about 300 Hz.) Shot noise goes as the square root of optical power, so an increase of about a factor of 20 is planned. Unfortunately, thermal effects in the interferometer optics go linearly with power, so much lower optical absorption is required to keep thermal lensing of the mirrors and beamsplitter to manageable levels [8] .
Thermal lensing of the optics is already a problem in initial LIGO, and is controlled using a CO 2 laser projected onto the optic with a mask in place so that it provides additional heating in the center or rim of the mirror substrate. In order to preserve this type of system for Advanced LIGO, rather than resorting to much higher laser power or a scanning laser system, both of which could cause excess noise, optical absorption in the coatings must be kept below 0.5 ppm. This level of absorption has been demonstrated in both the titania-doped tantala and silica-doped titania based coatings, but remains a strict requirement for further development of lower thermal noise coatings. In addition, reduction beyond 0.5 ppm would simplify thermal compensation in Advanced LIGO.
Beyond the global absorption limit, the optical absorption of the coatings as a function of position across the face must be nearly uniform. Variations in absorption, even with an average below 0.5 ppm, could require unique thermal compensation masks to be made for each optic. Extreme variations, e.g. from point absorbers, could necessitate the scanning laser system, which would introduce noise above thermal noise and shot noise.
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